This Letter presents a Bluetooth antenna for metal-cased smart jewellery. The designed antenna is competent enough to operate in free space; moreover, antenna performance is investigated with cubical shape model which has the electrical properties similar to human body tissue. The measured prototype achieves 68% total efficiency in the free space and 27% total efficiency when measured with a cubical model in the Bluetooth frequency range of 2.4-2.48 GHz.
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Introduction: The number of smart devices has significantly grown of the past years. These devices, which include smart pendants, smart jewellery, smart watches, smart wristbands, smart clothes and so on are usually referred to as wearables [1] . They often act as an extension to the user interface of smartphone, which is often kept in the pocket or bag. Unconventional objects such as wearable glasses and handbag have also joined into the category of smart devices [2, 3] . Here in [4] are some examples of commercial smart jewellery by Kalevala Koru as well. For aesthetic reasons, the wearable devices should have metallic housing on both sides. The metallic covering on both sides of smart jewellery can improve the rigidity and strength of the device but can also block wireless signals (Wi-Fi, Bluetooth, GPS, or other radio signals) therefore it is always a challenge to design an antenna for such smart wearable applications [5] . Another key factor is the outward appearance of the device, designers put a major focus on stylish appearance and aesthetics rather than just technical specifications. The device design should deliver something that is both functional and fashionable. The size of the antennas in such devices should be small. The antenna should perform in all environments, especially near a human body because most of the time the wearable jewellery is in contact with the human tissue or clothes.
This Letter proposes a half loop-based antenna working in 2.4-2.48 GHz Bluetooth frequency range for a smart jewellery with metal covers on both sides. The existing structure is used as an antenna thus requiring no changes to the visual appearance. The main objective of this work is to design an antenna, which can achieve high efficiency in realistic use cases. There should be a reliable connection in all situations. The proposed solution also gives enough space for the required electronics and a large battery.
Simulation model: The proposed antenna is a half loop-based antenna placed outside the smart jewellery. To start with, the design process, two round metallic covers of copper material is used for practical reasons but in real scenario, these would be the actual jewellery parts made of, e.g. silver or gold. The radius of the front round metal cover is 19 mm with the height of 7 mm and thickness of 1 mm. The radius of the back round metal cover is 16 mm with the height of 6 mm and thickness of 1 mm. The total height of the structure then becomes 13 mm. Between these covers is a 1.5 mm thick printed circuit board (PCB) of FR4 substrate with dielectric permittivity of 1 r = 4.43 and a loss tangent of tand = 0.027. The design is simulated using the electromagnetic simulation software CST Microwave Studio.
Parametric study: The main parameters, which affect the performance of the antenna, are the length and height of the antenna arc in terms of matching and efficiency. Different length and height of the antenna arc are studied and simulated keeping in mind the overall aesthetic look of the jewellery. The observation is that the larger the height of the antenna (parameter h ant in Fig. 1 ), the higher the efficiency. However, the height is limited by the design of the jewellery. Similarly, longer antenna element (parameter l ant in Fig. 1 ) also improves the antenna efficiency, as the proposed antenna is placed outside the jewellery design, the length of the arc should match with the overall design of the jewellery and should be kept reasonable. Other factors, such as the size of the metal covers, battery size and PCB, also have an effect but the dimensions of these jewellery parts are kept fixed during simulations, mostly it is determined by appearance of the jewellery and its designer, and are therefore left out of this study. Fig. 1 shows the final dimensions of the prototype and also illustrates the main parameters of the antenna arc (l ant = 45 mm, h ant = 5 mm, t ant = 0.5 mm). Fig. 2 shows the simulation model and manufactured prototype based on the dimensions shown in Fig. 1 . Antenna performance: Unlike mobile phones or tablets, smart jewellery is always worn on the human body, so it is more realistic to study the antenna performance near a human body. The cubical model used in the simulations and measurements is a 5 × 5 × 5 cm 3 cube of material with electrical properties similar to a human body. According to [6, 7] , at the operating frequency of 2.45 GHz, the hand tissue-equivalent medium has 1 r = 25.7 and s = 1.32 S/m. Ferrites were used around the measurement cables in order to minimise the cable effect during the measurements of impedance matching and total efficiency. The measurements were taken in MVG Starlab 6 GHz antenna measurement system. During the measurements, the cubical model is in direct contact with the metallic part of the jewellery without any gap.
Impedance matching: To achieve operation at the desired frequencies, a lumped component matching circuit is placed between the antenna and the feeding cable. To maintain a simple design and to limit the components, the number of the matching network is kept as small as possible. The chosen topology for the matching network is first a shunt capacitor connected to the source followed by a series capacitor. The components are C1 = GQM1884C2A1R0BB01 (1 pF) and C2 = GQM1882C1H330GB01 (33 pF) SMD capacitors from Murata. When designing and implementing the matching, greater emphasis was given on having a good matching level at Bluetooth frequency range. Fig. 3 presents the measured reflection coefficients of the prototype in free space and with the cubical model. In free space better than 10 dB matching is achieved from 2.40 to 2.44 GHz but when the proposed antenna is placed on the cubical model, the antenna resonance has shifted to lower frequency due to larger 1 r of body tissue.
The resonant frequency goes to lower frequency is very typical behaviour and the power absorption to the human body is generally a more severe problem for the total efficiency than the change of matching [8] . 
Fig. 3 Measured reflection coefficients in Cartesian coordinates
Radiation pattern: The far-field radiation pattern is measured with MVG Starlab 6 GHz antenna measurement system. Fig. 4 shows the simulated realised gain patterns in free space and with the cubical model and Fig. 5 shows the measured results. In free space the radiation is strongest in the direction perpendicular to the large metal covers of the jewellery but when using cubical model the radiation pattern is directed away from the model and is very strong towards the +z-direction. The coordinate system and the orientation of the antenna are the same in both simulated and measured results. Antenna efficiency: In free space, the total efficiency of the antenna is between 68 and 60%. With the cubical model, the efficiency decreases as compared with the free-space case giving an efficiency of about 27 and 20% in the Bluetooth frequency range. Fig. 6 shows the simulated and measured total efficiency in free space and with the cubical model.
Comparison analysis:
It is difficult to compare the proposed design directly with the other published designs [7, 9, 10] because to the best of author's knowledge, such antenna design outside the jewellery structure has not been broadly presented previously and are unique in smart jewellery applications. For generally comparing the proposed design with wearable Bluetooth antennas, the published designs for the smartwatch are relatively similar. 69%/26% 67%/N/A [10] 81%/67% 70%/57% [7] 75%/65% N/A/N/A Conclusion: This Letter has presented an antenna for the Bluetooth frequency range for smart jewellery application. Both simulation and measurement results show that good performance can be achieved when the device is in free space or near a human body. The measured total efficiencies in the 2.4-2.48 GHz frequency range are 68 and 27% in free space and with a cubical model, respectively. Wearable technology has grown rapidly in recent years, and there is a tremendous demand for wearable devices in a different range of applications such as sports, health fitness, and military forces.
